We demonstrate a centimeter-scale optomechanical magnetometer based on a crystalline whispering gallery mode resonator. The large size of the resonator allows high magnetic field sensitivity to be achieved in the hertz to kilohertz frequency range. A peak sensitivity of 131 pT Hz −1/2 is reported, in a magnetically unshielded non-cryogenic environment and using optical power levels beneath 100 µW. Femtotesla range sensitivity may be possible in future devices with further optimization of laser noise and the physical structure of the resonator, allowing applications in high-performance magnetometry.
I. INTRODUCTION
Whispering gallery mode (WGM) resonators play an important role in modern optics, with applications as laser cavities [1] , resonant filters [2] , optical switches [3] , and precision sensors [4] [5] [6] [7] among other areas. They have been recently used for magnetometry [8, 9] based on the ideas of cavity optomechanics [10] . WGM resonator based optomechanical magnetometry combines the ultra-high optical transduction sensitivity of WGM resonators with the giant magnetostriction of materials such as Terfenol-D, achieving high sensitivity while allowing room-temperature operation and simple optical readout. These advantages may enable applications in areas such as geophysical surveying [11] , tests of fundamental physics [12, 13] , medical imaging [14, 15] , and space exploration [16, 17] .
Optomechanical magnetometers based on microscale on-chip WGM resonators have achieved 200 pT Hz −1/2 magnetic field sensitivity at megahertz frequencies [8, 9] . However, due to a combination of noise sources at low frequency and poor low frequency mechanical response, magnetic field sensing in the hertz to kilohertz frequency range was only possible using inherent mechanical nonlinearities within the magnetostrictive material. This indirect approach caused a sacrifice in sensitivity to 110 nT Hz −1/2 . The hertz-kilohertz frequency range is crucial to many applications including, for instance, magnetic anomaly detection [18] , geological surveying [19] and magnetoencephalography [20] . To enable highly sensitive magnetic field sensing in this regime, we have developed a centimeter-scale crystalline WGM resonator based magnetometer, which features reduced thermomechanical noise, lower frequency mechanical resonances, and higher optical quality factor than previously demonstrated optomechanical magnetometers. By embedding the mag- * w.bowen@uq.edu.au netostrictive material (Terfenol-D) within the WGM resonator, sub 10 nT Hz −1/2 sensitivity was achieved over most of the frequency band from 127 Hz to 600 kHz, with a peak sensitivity of 131 pT Hz −1/2 at 127 kHz.
II. RESONATOR FABRICATION AND CHARACTERISATION
The WGM resonator was fabricated using the Ultraprecision Machining Facility at the Australian National University, housing a Moore Nanotech 250 UPL diamond turning lathe. WGM resonators are particularly wellsuited for fabrication by diamond turning due to their cylindrical symmetry. We fabricated the resonator from CaF 2 due, primarily, to the previously demonstrated capability to achieve exceptionally high optical quality factors using this material [21] . The fabrication process of the magnetometer is shown in Fig. 1(a) crystal, which was attached to a ceramic pedestal using a vacuum compatible epoxy glue (EPO-TEX 353ND), was first rough-cut to form a WGM resonator with a diameter of 16 mm. Lathing was also used to bore a void in the top of the crystal WGM structure. The void was machined to a diameter 30 µm larger than the actual size of the disk of Terfenol-D (of diameter and thickness approximately 12 mm and 4 mm, respectively). The 15 µm gap was the minimum that allowed the epoxy glue, due to its viscosity, to uniformly fill the interface of the two materials. Next, we machined the final WGM structure with the radius of curvature of the resonator's rim of 1.616 mm [22] .
The final step is to polish the resonator to achieve an extremely smooth surface, i.e., a high intrinsic optical quality factor. Using the lathe to rotate the WGM resonator and ensuring that the resonator is precisely centred on the rotational axis, polishing was accomplished using a polishing pad and diamond slurry. Starting with 0.5 µm particle size, large chips on the surface of the resonator left after cutting were removed and using progressively smaller particle sizes down to 0.05 µm, the final polishing was achieved. The physical structure of the resonator is shown in Fig. 1(b) .
The optical quality factor of the WGM resonator was characterized via cavity ringdown measurement [23] , using the setup shown in Fig. 2(a) . A fiber laser of wavelength λ = 1550 nm was critically coupled into the resonator using a prism mounted on a 3-axis nanopositioning stage. An optical intensity modulator was used to rapidly switch off the laser intensity. The exponential decay of light out of the resonator was then detected using a fast photodiode. The resulting cavity ringdown measurement is shown in Fig. 2(b) . The cavity lifetime τ e is determined to be 233 ns from an exponential fit to the data (grey line in Fig. 2(b) ), which corresponds to an intrinsic optical quality factor of Q ≡ Ω τ e = 2πc τ e /λ = 2.8 × 10
8 , where Ω is the angular frequency of the laser, and c is the speed of light in vacuum [24] .
III. EXPERIMENT Fig. 3 shows a schematic of the measurement setup. Light from the fiber laser was passed through an isolator and an electro-optic modulator (EOM), and then evanescently coupled to the resonator in the same manner as described previously. The EOM was used to phase modulate the light at 13.6 MHz, well outside the resonator's linewidth (κ/2π = τ −1 e /2π < 1 MHz). The output field from the resonator was detected on an InGaAs photoreceiver. Electronic mixing of this output with a 13.6 MHz local oscillator generated a Pound-Drever-Hall (PDH) error signal [25] . This error signal provided a measure of the deviation of the laser frequency from the cavity resonance frequency. In a similar approach to Ref. [26] , this signal was used both to lock the laser to the cavity resonance, and to detect the effect of applied magnetic fields on the length of the cavity -i.e., it provided the magnetic field signal. To maximise the signal-to-noise ratio (SNR) of the sensor, a large modulation was applied to the EOM, transferring approximately half of the optical power into 13.6 MHz sidebands. It was found that only 40 µW of off-resonant light was required at the photoreceiver to resolve the noise of the optical field over the photoreceiver electronic noise floor. A coil with diameter of 6.5 cm and a total of 60 turns was positioned above the resonator, and used to generate the signal magnetic field to be detected. The strength of this field was calibrated using a commercial Hall probe [Hirst GM04]. A neodymium magnetic was placed in close proximity to the resonator to pre-polarize the Terfenol-D, thereby enhancing its linear response to applied magnetic fields [9, 27] .
IV. RESULTS AND DISCUSSION
The response of the magnetometer to applied signal fields was characterised via spectral and network analysis of the PDH error signal. Fig. 4a shows the power spectral density S(ω) of this error signal at frequencies above the 13.6 MHz optical sideband frequency, measured using a spectrum analyzer. It was verified that the resonator This caused a corresponding tone at 200 kHz in the power spectral density of the error signal (see Fig. 4(a) ). The magnetic field sensitivity at 200 kHz was then determined following Ref. [8] , as
where SNR = 49.7 dB is the ratio of the signal height at ω ref to the corresponding noise floor (see Fig. 4(a) ), and BW = 330 Hz is the spectrum analyzer resolution bandwidth. The dynamic range of the magnetometer was tested by measuring the response as a function of signal field amplitude. A linear response was observed over the full accessible range of signal field strengths, up to field strengths as large as 72 microtesla which exceeds the earth's field (see inset in Fig. 4(a) ). The spectrum analyser noise floor in Fig. 4(a) , combined with the system response, as quantified by network analysis, allowed the magnetic field sensitivity to be determined over the full hertz-to-kilohertz frequency range. Specifically, the magnetic field sensitivity is given by [8] 
where S(ω) is the noise power spectrum observed without any applied magnetic field, and N (ω) is the system response obtained by sweeping the frequency of the magnetic field and recording the power contained within the spectral peak using a network analyzer, shown in Fig. 4(b) . Below 140 kHz the structure in the system response is dominated by the three of mechanical eigenmodes of the device. Finite element simulations of these modes are shown in Fig. 4(d) , with the simulated frequencies matching closely to the observed frequencies evident in Fig. 4(b) . Note that the dispersive feature at the fundamental radial breathing mode resonance frequency (69.8 kHz) results from interference of the response of that mode and the background response of the device. Inspection of the measured error signal power spectrum (Fig. 4(a) ) shows that the thermomechanical noise of all of these three mechanical eigenmodes is beneath the laser phase noise floor, indicating that the precision of magnetic field measurement with this device will be lim-ited by laser noise rather than thermomechanical noise. Above 140 kHz, the system response is suppressed with increasing frequency, with complex structure existing due to the presence of multifold higher frequency mechanical resonances. Fig. 4(c) shows the sensitivity measured over the frequency range from 127 Hz to 600 kHz. A peak sensitivity of 131 pT Hz −1/2 is achieved at 126.75 kHz, close to the eigenfrequencies of the mechanical crown and second order radial breathing modes, while similar sensitivity is also achievable at frequencies close to the fundamental radial breathing mode. Evidently, the sensitivity is enhanced by these mechanical resonances, and outperforms previous cavity optomechanical magnetometers in the same frequency range by around three orders-ofmagnitude. The best previously reported result had sensitivity above 130 nT Hz −1/2 over the full range of the measurements we report here [9] .
The sensitivity of our current device is limited by laser phase noise at frequencies below 540 kHz and shot noise above that frequency. Consequently, improved sensitivity could be achieved using phase stabilization [28] , increased optical power, or higher optical quality factors, until eventually the thermomechanical noise floor is reached [8, 9] . Quality factors as high as Q = 3 × 10 11 have been realized for millimeter-scale CaF 2 WGM resonator at 1550 nm and at room temperature [21] . Our sensitivity therefore could be further enhanced by fabricating a higher Q resonator. The sensitivity could also be enhanced by engineering the structure of the device for improved overlap between the motion of mechanical eigenmodes and the stress applied by the Terfenol-D [29] . Estimates based on Ref. [30] indicate that sensitivities in the range of femtotesla may be obtainable with a full optimization.
